Mononucleosomes obtained from cultured mouse hepatoma cells were incubated with RNA polymerase II from wheat germ. No free DNA was liberated as available templates under the experimental condition employed. Size analysis of the transcripts showed that the polymerase initiated transcription from either terminus and read through the DNA template of mononucleosomes. Sucrose density gradient centrifugation of the reaction mixture resolved mononucleosome-polymerase complexes from free materials. The complexes were characterized by the enrichment of DNA fragments containing the nucleosome linker region, the presence of H1 histone, and the increased susceptibility to DNase I. Both the complexes formed in the presence and absence of precursor nucleotides were susceptible. These suggest that RNA polymerase II prefers to bind to the linker region, and the polymerase-bound nucleosomes are structurally altered. The data were discussed in context with possible mechanisms of transcription of the nucleosome structure.
INTRODUCTION
Recent advances in recombinant DNA technology enabled us to acquire considerable knowledge on the structure of various genes. We now know that both 5'-and 3'-flanking sequences of the actual coding sequence are required for correct initiation and termination of transcription (1) (2) (3) (4) (5) (6) (7) . In eukaryotic organisms, a given gene active in one cell type may be inactive in another one. This is thought to be regulated in a substantial part by the mode of packaging of the genetic materials into the structure of chromatin (8, 9) . Chromatin containing active genes is supposed to be structurally altered from that containing inactive genes (10, 11) . Active chromatin has been characterized by its increased susceptibility to DNase I digestion (12, 13) , enrichment of particular types of nonhistone proteins (14, 15, 16) , and undermethylation of DNA (17) . Attempts to isolate active chromatin for further characterization had only limited success due to the highly complex nature of the materials.
Since chromatin is composed of nucleosome subunits, the smallest unit of active chromatin is thought to be a mononucleosome associated with eukaryotic RNA polymerase II and transcribed RNA. Reconstitution of such complexes in vitro will enable us to study certain aspects of active chromatin without being disturbed by the contamination of inactive chromatin which has been almost inevitable in the fractionation of native materials.
This paper describes our study on the interaction of mononucleosomes with RNA polymerase II from wheat germ. It will be shown that the enzyme prefers to bind to the particles containing the linker region than to the ones deficient in the linker. Polymerase-bound mononucleosomes exhibited increased susceptibility to DNase I. This appeared to occur without actual initiation of transcription process.
MATERIALS AND METHODS Materials
Suspension culture of MH-134SC cells has been described previously (18) . The mean generation time of the cells is about 11 hr. All the experiments were initiated from logarithmically growing stocks, and were carried out within a range of (1-6) x 10 cells/ml. RNA polymerase II from wheat germ was purchased from Miles Laboratories, [ 
Preparation of mononucleosomes
Nuclei were isolated after disruption of cells with 0.31 Nonidet P-40 in hypotonic buffer (18) . Micrococcal nuclease digestion and sucrose density gradient fractionation were carried out by the method of Senshu and Yamada (19) except that the digestion time was extended from 5 to 10 min to obtain higher recovery of mononucleosomes, and that the gradient was supplemented with 0.2% diethylpyrocarbonate. They were concentrated by ultrafiltration using UK50 membrane (Toyo Roshi Co. Ltd.), and dialyzed against 50 mM NaCl-10 mM Formation of mononucleosome-polymerase complexes Mononucleosomes (0.4 A-gg units) and RNA polymerase II (10 units, 86 yg protein) were incubated for 2 min in the buffer described above in the total absence of the precursor nucleotides. In some cases, incubation was performed with [a3a P]UTP, ATP and GTP but without CTP. The mixtures were then quickly chilled with ice, and applied to 4.8 ml gradients of 10-30% sucrose containing 50 mM NaCl , 1 mM EDTA and 10 mM Tris-HCl (pH 7.9). Centrifugation was performed at 50,000 rpm for 4 hr in a Hitachi RPS 50-2 rotor. Fractions of 0.2 ml were collected from bottom. Samples (25 yl) were withdrawn for the determination of radioactivities. Selected portions of the gradients were subjected to various analyses.
DNase I digestion
Concentrations of samples for DNase I digestion were adjusted to approximately equal levels by dilution with 10% sucrose-50 mM NaCl-1 mM EDTA-10 mM Tris-HCl (pH 7.9). They were made to 5 mM in MgCl-and preincubated at 37°C for 2 min. Increasing concentrations of DNase I were added and the mixtures were incubated for additional 5 min. The digestion was halted by adding SDS and EDTA to final concentrations of 0.5% and 10 mM, respectively. The resulting mixtures were combined with unlabeled DNA fragments (0.7 A~gg units) as carrier materials which were generated by DNase I digestion of mononucleosomes. Preparation of DNA was carried out by Proteinase K digestion, phenol-chloroform extraction and ethanol precipitation.
Determination of radioactivities
Samples were applied to 25 mm discs of Whatman GF/C filter. They were washed three times with 5% TCA containing 2% sodium pyrophosphate for measuring radioactivities incorporated into nucleic acids or 1056 TCA containing 0.2S phosphotungstic acid for those incorporated into proteins. The discs were then washed twice with ethanol and air dried. They were immersed in a Toluene scintillation medium for counting.
Gel electrophoresis
Electrophoresis of RNA was performed on 8% polyacrylamide gels using the buffer system of Loening (20) . Electrophoresis of native DNA was conducted on vertical slab gels (1 mm thick, 12 cm long) containing 2.5% acrylamide and 0.5% agarose using the same buffer system shown above. The gels were calibrated with <J>X174RFDNA-HaeIII digest (New England Bio-Labs.). Electrophoresis of DNase I digestion products was carried out under denaturing conditions using vertical slab gels (1 mm thick, 12 cm long) containing 12% acrylamide and 7 M urea by the method of Maniatis et al. (21) . Electrophoresis of proteins was performed using vertical slab gels (1 mm thick, 10 cm long) containing 15J polyacrylamide and 0.2S N,N'-methylenebisacrylamide by the method of Panyim and Chalkley (22) . For the detection of bands of 3 H-labeled proteins, gels were treated with EN 3 HANCE according to the manufacturer's manual, and exposed to Kodak X-Omat film by the method of Lasky and Mills (23) .
RESULTS
First we examined the template property of our mononucleosome fraction. Mononucleosomes obtained from unlabeled cells were incubated with RNA polymerase II in the presence of [ct-32 P]UTP, ATP, CTP and GTP. As shown in Fig. 1 , this brought about significant incorporation of the labeled nucleotide into acid insoluble materials. This amounted at as much as 20J of the level obtained when mononucleosomes were substituted with an equivalent amount of calf thymus DNA. The incorporation was markedly suppressed by the addition of either a-amanitin or actinomycin D. This proves that the system was dependent on both RNA polymerase II and DNA template. A crusial question is whether the polymerase utilized DNA templates in mononucleosomes or free DNA liberated under the incubation condition. To test this, we prepared mononucleosomes from cells labeled with [ 3 H]TdR. They were incubated under the standard assay condition in the absence of RNA polymerase II, and then subjected to sucrose density gradient centrifugation. This yielded a single peak of mononucleosomes ( Fig.  2A) . The absence of any free DNA means that DNA constituting mononucleosomes was the only available template in our system.
To study the complex formation with RNA polymerase II, mononucleosomes labeled with [ 3 H]Tdk were incubated under various conditions and subjected to sucrose density gradient centrifugation. Incubation with RNA polymerase but without nucleoside triphosphates yielded a small discrete peak that sedimented faster than the rest of the materials (Fig. 2B) . The peak was closely associated with the peak of the polymerase activity. Free RNA polymerase II sedimented behind the peak. Therefore, this peak is thought to represent mononucleosome-bound polymerase that could not initiate transcription due to the absence of precursor nudeotides. Next we attempted to reconstitute mono- 
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ii I nucleosome-polymerase complexes retaining transcribed RNA in vitro. Incubation was performed with precursor nudeotides but for CTP. This condition was supposed to allow the polymerase to form transcripts of restricted length. We obtained a fast sedimenting peak overlapped with a peak of 3J P radioactivity (Fig. 2C ). This probably represented ternary complexes comprised of mononucleosomes, RNA polymerases and short transcripts. Such complexes can be regarded as a simple model of active chromatin.
To study from which site of the template RNA polymerase II initiates transcription, we estimated the size of RNA transcribed in vitro. RNA products extracted from various samples were fractionated by polyacrylamide gel electrophoresis, and detected by autoradiography. If the polymerase initiated at random sites, the product would give a broad smear up to the length of the mononucleosome DNA template. However, incubation of mononucleosomes and RNA polymerase II in the presence of all the four kinds of precursor nucleotides yielded a major low mobility band and a high mobility smear (Fig. 3A) . They were resistant to DNase I but virtually abolished by RNase digestion (Fig. 3B,  C) . The size of the major band was estimated to be around 170 nucleotides in length. This is comparable to the length of mononucleosome DNA templates including the linker region. Therefore, RNA polymerase II appeared to initiate transcription from either terminus of the linker, and read through the entire length of the template. RNA products formed under the depletion of CTP gave a broad smear in a low molecular weight region (Fig. 3D,E) . These probably represent partial transcripts that could not be elongated due to the omission of CTP.
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Next we examined the sizes of DNA segments present in RNA polymerase IIbound and free mononucleosomes. The samples extracted from the enzyme-bound (Fig. 2B-I ) and free ( Fig. 2B-II) mononucleosomes were subjected to gel electrophoresis under a nondenaturing condition. DNA extracted from the original mononucleosomes gave a band of nucleosome core DNA (146 bp) followed by a smear corresponding to mononucleosome DNA of heterogeneous linker length (Fig. 4C) . The slow migrating components appeared to be concentrated in the enzyme-bound mononucleosomes (Fig. 4B) . Consequently, the free form was enriched with core size DNA (Fig. 4A) . These results suggest that RNA polymerase II bound preferentially to particles containing the linker region. This is consistent with the above abservation that RNA polymerase II initiated transcription from either terminus of the linker.
Complex formation was also attempted using mononucleosomes obtained from cells labeled with [ 3 H]lysine. Labeled proteins in the enzyme-bound and free mononucleosome peaks were fractionated by acid urea gel electrophoresis and (Fig. 5) . However, HI which is known to be associated with the linker region was found only in the enzyme-bound fraction. This is consistent with the results of DNA size analysis described above. In addition, the result suggests that the presence of HI histone did not interfere with the binding of RNA polymerase II. In order to examine if polymerase-bound mononucleosomes exhibit any structural alteration, we examined DNase I susceptibility of different forms of mononucleosomes. First, [ 3 H]TdR labeled mononucleosomes were incubated with RNA polymerase II in the presence of unlabeled ATP, GTP and UTP. This was presumed to yield ternary transcription complexes of mononucleosmes, the polymerase, and short transcripts. The complexes and free mononucleosomes obtained by sucrose density gradient centrifugation were treated with increasing concentrations of DNase I. DNA fragments extracted from the digestion mixtures were subjected to gel electrophoresis under denaturing conditions. As expected, DNase I generated a series of discrete bands typical of the nucleosome (Fig. 6) . It should be noted that the complexes yielded smaller fragments at each digestion condition than the free and the original mononucleosomes which gave very similar digestion patterns. This indicates structural alteration in the nucleosome core region of the ternary transcription complexes. An interesting question that arises is whether or not this structural alteration was brought about by actual transcription processes. We performed similar digestion experiments of mononucleosome-polymerase complexes formed in the total absence of precursor nucleotides. DNase I susceptibility of such complexes as measured from the electrophoretic patterns of the digestion products (Fig. 7) was almost indistinguishable from that of the ternary transcription complexes (Fig. 6 ). This rules out the possibility that the increased susceptibility was effected by transcription in vitro.
DISCUSSION
Previous reports from other laboratories described transcription of isolated or reconstituted mononucleosomes in vitro by prokaryotic RNA polymerases (24) (25) (26) (27) . Here we showed that eukaryotic RNA polymerase could also utilize the DNA template in the mononucleosome. Some investigators were concerned with concentration dependent dissociation of nucleosomes under near physiological environment (28, 29) . It was suggested that bulk of the observed transcription could be accounted for by protein-free DNA when transcription experiments were conducted at low nucleosome concentrations as at the order of yg/ml in DNA.
In the present study, incubation was carried out at a much higher concentration (approximately 20 pg/150 pi). Moreover, we observed no free DNA peak in the sucrose density gradient profile. This was also the case even when the samples were sedimented through gradients formed in the buffer system used for the incubation. Therefore, it seems certain that we observed transcription on mononucleosomes. The size analysis of the transcripts showed that RNA polymerase II initiated transcription from either terminus and read through the DNA template. Under the omission of CTP, the enzyme was forced to stop transcriptional movement along the template. We took advantage of this, and were able to obtain ternary transcription complexes comprised of mononucleosomes, the polymerases and partial transcripts. Such complexes can be regarded as the smallest units of active chromatin.
Actually, the enzyme could bind to mononucleosomes in the total absence of precursor nucleoside triphosphates. The binding was dependent on the polymerase to mononucleosome ratio (data not shown). In the present investi-gation, we prepared the complexes using a subsaturation level of the enzyme. The enzyme-bound mononucleosomes differed markedly from free ones. The former were enriched with DNA fragments containing the linker region, which were relatively depleted in the latter. This and the fact that RNA polymerase II initiated transcription from either terminus of the DNA template indicate that the primary binding site of the enzyme resides in the linker region of mononucleosome. More interestingly, the bound form showed structural alteration as measured from increased susceptibility to DNase I. Since digestion studies with the ternary transcription complexes gave very similar results, the observed increase in DNase I susceptibility does not involve initiation of transcription. At present we are not certain whether the binding of the polymerase to the linker region renders mononucleosomes more susceptible to DNase I, or the polymerase binds preferentially to originally DNase-sensitive mononucleosome. If the former is the case, the polymerase can proceed along a chain of nucleosomes by introducing structural alteration into the core particles for its passage one after another. It remains to be investigated whether or not a defined population of mononucleosomes becomes susceptible to DNase I upon binding of RNA polymerase II.
Complexes of RNA polymerase II with nucleosome core particles (30) , and Hl-depleted mononucleosomes (28) have been reported by other investigators using materials labeled with 32 P at 5'-termini only. They suggested that the sites in the central core region of the nucleosome became more susceptible to DNase I upon binding of the polymerase. However the overall nuclease sensitivity was shown to be either unchanged (30) or even reduced (28) . This is a contrast to our observation. Such discrepancy may be ascribed to differences in the types of mononucleosomes used, and in the ways used for analyses.
Since micrococcal nuclease excises nucleosomes that are nearly randomly distributed along DNA stretches, simple mixing of RNA polymerase II with isolated mononucleosomes is unlikely to allow accurate binding of the enzyme to the promoter region. So, the present approach is not adequate for the study on the initiation of transcription. However, further investigation of nucleosome-polymerase interaction is important to understand how individual nucleosome structures are modified during the actual process of transcription. Although we have not done accurate measurement of hi stones in the complexes, Baer and Rhodes suggested that nucleosome core particles associated with RNA polymerase II were slightly deficient in H2A and H2B (30) . Passage of the polymerase may cause transient dissociation or exchange of these histones. Such possibilities could be predicted from the different association manners of H3, H4 and H2A, H2B with DNA in vivo (31) (32) (33) (34) (35) and in vitro (19, 36) . The problems await further extension of the present research.
